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Oxidative modification of tryptophan to kynurenine (KYN) and N-formyl kynurenine (NFK)
has been described in mitochondrial proteins associated with redox metabolism, and in human
cataract lenses. To a large extent, however, previously reported identifications of these
modifications were performed using peptide mass fingerprinting and/or tandem-MS data of
proteins separated by gel electrophoresis. To date, it is uncertain whether NFK and KYN may
represent sample handling artifacts or exclusively post-translational events. To address the
problem of the origin of tryptophan oxidation, we characterized several antibodies by liquid
chromatography-tandem mass spectrometry, with and without the use of electrophoretic
separation of heavy and light chains. Antibodies are not normally expected to undergo
oxidative modifications, however, several tryptophan (Trp) residues on both heavy and light
chains were found extensively modified to both doubly oxidized Trp and KYN following
SDS-PAGE separation and in-gel digestion. In contrast, those residues were observed as
non-modified upon in-solution digestion. These results indicate that Trp oxidation may occur
as an artifact in proteins separated by SDS-PAGE, and their presence should be carefully
interpreted, especially when gel electrophoretic separation methods are employed. (J Am Soc
Mass Spectrom 2010, 21, 1114–1117) © 2010 American Society for Mass SpectrometryIn vivo, tryptophan (Trp) residues may undergoextensive oxidative modification upon exposure toUV light and oxidative agents [1–4]. The structures
of oxidatively modified Trp residues are summarized in
Figure S-1, (Supplemental Information, which can be
found in the electronic version of this article). Peptides
bearing oxidized Trp modifications generally exhibit
mass increases of 4, 16, and 32 Da, corresponding to the
formation of kynurenine (KYN), hydroxytryptophan
(Wox1), and N-formylkynurenine/dihydroxytryptophan
(NFK/Wox2, referred to also as “doubly oxidized Trp”),
and their combinations, such as hydroxykynurenine
(KYNox1, 20 Da). Oxidation to hydroxytryptophan
(Wox1) has been observed as a result of sample han-
dling, e.g.; following protein separation by gel electro-
phoresis [5]. Trp modification to NFK and KYN and
degradation have been described in mitochondrial pro-
teins associated with redox metabolism [6, 7] in human
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doi:10.1016/j.jasms.2010.02.016cataract lenses [8, 9], and upon photolytic oxidation
[10]. Modified proteins have been proposed as markers
of oxidative stress, e.g.; in atherosclerosis [11]. Some
authors have suggested ion abundances of modified
Trp, Wox1, and NFK/Wox2 peptides should be included
in protein database search algorithms to improve the
identification score [12].
Based on the literature, it is uncertain whether oxi-
dation products such as NFK and KYN identified upon
electrophoresis represent artifacts upon sample isolation
and purification [5, 13, 14], or true post-translational
modifications. A number of previous proteomic studies
have reported the identification of oxidative modifica-
tions of Trp using peptide mass fingerprinting of pro-
teins separated by gel electrophoresis [6, 7, 15–17]. To
address the problem of the potential artifactual nature
of Trp oxidation, we have used liquid chromatography
tandem mass spectrometry (LC/MS/MS), with and
without gel electrophoretic separation, to characterize a
monoclonal antibody (MAb), which is a secreted glyco-
protein normally not expected to undergo oxidative
modifications [18]. Our results indicate Trp oxidative
modifications to (Trp 32 Da) and KYN occur as
artifacts in proteins separated by sodium dodecyl sul-
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Hence, care should be taken in the interpretation of data
suggesting a correlation between tryptophan oxidation
and oxidative stress in vivo.
Materials and Methods
Mouse anti-human -amyloid precursor protein MAb
(clone 6A6) was purchased from US Biological (Swamp-
scott, MA, USA). Dithiothreitol, iodoacetamide, ammo-
nium bicarbonate, and 96% formic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sequencing
grade-modified porcine trypsin was obtained from
Promega (Madison, WI, USA) and sequencing grade
bovine -chymotrypsin was obtained from Roche
(Penzberg, Germany). NuPage 4%–12% Bis-Tris pre-
cast gels, sample and running buffers, and Coomassie
SimplyBlue were purchased from Invitrogen (Carlsbad,
CA, USA). Acetonitrile was purchased from Caledon
Laboratories, Ltd. (Georgetown, ON, Canada). Purified
water (17.8 M) was obtained from an in-house Hydro
Picopure 2 system.
Sample Preparation, SDS-PAGE and
In-Gel Digestion
Samples were reduced and alkylated before electro-
phoresis as follows: monoclonal antibody 6A6 stock
solution (20 L; 0.5 g/L in PBS buffer) was incubated
for 1 h at 95 °C with 20 L sample loading buffer
containing 100 mM dithiothreitol, and iodoacetamide in
water was added at a molar ratio DTT/IAA of 1:3. The
reaction was continued for 1 h at room temperature.
The reduced and alkylated antibody was loaded onto
the gel and the heavy and light chains were separated.
Electrophoresis was performed at 200 V and a maxi-
mum of 80 mA for 1 h. The bands were stained with
Coomassie SimplyBlue solution. The protein bands
corresponding to antibody heavy and light chains were
excised and digested with trypsin or with chymotrypsin
for 8 h at 37 °C in an automated fashion with a Progest
robotic digester (Genomic Solutions, now part of
Digilabs, Holliston, MA, USA). In-gel digestion with
-chymotrypsin was performed manually using an
enzyme to substrate ration of 1:30, based on the initial
amount of reduced and alkylated antibody. Samples
were lyophilized to dryness and resuspended in 0.1%
formic acid.
In-Solution Digestion
MAb samples were reduced as above except that a 100
mM aqueous DTT solution was used. Alkylation was
performed as above. Following alkylation for 1 h at
room temperature, the reaction mixture was divided in
two aliquots  20 L, of which one was digested with
trypsin and one with chymotrypsin. To each vial, 40 L
of a 25 mM solution of trypsin or chymotrypsin at anenzyme:substrate ratio of 1:50 and sufficient ammo-
nium carbonate to maintain a pH of 7.4 was added to
each vial and the digestions were performed over night
at 37 °C.
Mass Spectrometry and Database Search
LC/MS analyses were performed on a Waters Q-TOF
Premier mass spectrometer (Waters, Milford, MA, USA)
and the MS data were searched using Mascot soft-
ware (Matrix Science, Manchester, UK) as previously
described [19].
Results and Discussion
MS Identification of Oxidative Trp Modifications
To determine the nature and extent of tryptophan
oxidation derived from sample handling procedures,
Figure 1. Deconvoluted mass spectra showing the heterogeneity
and the relative abundance of peptides containing Trp and its
oxidative modifications: (a) light chain peptide (37–51), after in-gel
digestion (diamond indicates a nonrelated ion); (b) light chain
peptide (52–60), after in-gel digestion; (c) light chain peptide
(52–60) after digestion in-solution (diamond in (c) indicates a
nonrelated, heavy chain peptide ion).
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using an LC-MS/MS approach, which employed reduc-
tion, alkylation, and proteolytic degradation of the
antibody (1) in-solution, and (2) following SDS-PAGE
separation of the heavy and light chains. Both experi-
ments were performed under identical experimental
conditions with regard to reduction and alkylation, as
described in the experimental section.
MAb 6A6 contains four Trp residues in the light
chain and eight in the heavy chain. Following in-solution
digestion with trypsin, LC-MS/MS and NCBInr database
search [19], these residues were identified as unmodi-
fied, suggesting that this MAb is not primarily oxidized
during storage, as previously reported for Trp residues
in an MAb [18]. Upon SDS-PAGE separation, pro-
nounced molecular heterogeneity due to various oxida-
tive modifications of the majority of Trp residues was
observed. Peptides bearing oxidative Trp modifications
exhibited characteristic mass shifts of 4 Da (KYN),
16 Da (singly oxidized Trp), 32 Da (NFK/Wox2,
“doubly oxidized Trp”), and even 48 Da (attributable
to hydroxy-NFK, NFKox1). In the case of (Trp 32 Da),
the modifications may represent either NFK or dihydroxy-
Trp (Wox2) [20]. Because these isobaric structures
were identified solely by MS, the authors refrain from
making structural assignments to this mass. Examples
showing the distribution of oxidation products in the
tryptic peptides (37-51) and (52-60) of the MAb 6A6
light chain, are presented in Figure 1a and b. The most
abundant ions in Figure 1a (m/z 1807.911) were assigned
to the unmodified peptide (37-51) (calculated m/z
1807.913) followed by the same peptide containing both
KYN (observed m/z 1811.922, calculated m/z, 1811.908),
and an additional unidentified modification (10 Da)
(observed m/z 1821.897, Figure S-2), and by the (Trp
32 Da)-modified peptide (observed m/z 1839.921, cal-
culated m/z 1839.903). The most abundant Trp modifi-
cation observed for peptide (52-60) (Figure 1b) was
assigned to the “double Trp oxidation” (32 Da) (ob-
served m/z 1154.638, calculated m/z 1154.630), while the
Table 1. Antibody tryptic and chymotryptic Trp-containing pep
Peptide sequence
None K
Gel Sol Gel
LLIYWASTR 1 1 1.85
NYLAWYQQKPGQSPK 1 1 0.21
QNGVLNSWTDQDSK 1 1 0.37
WKIDGSER 1 1 0.32
SNWEAGNTFTC(alk)SVLHEGLHNHHTEK 1 1 0.05
SVSELPIM(ox)HQDWLNGK 1 1 0.14
GNYVGPM(ox)DYWGQGTSVTVSSAK 1 1 0.13
GC(alk)LVKGYFPEPVTVTW 1 1 —
SWFVDDVEVH 1 1 0.03
*The relative abundance of each (oxidized) Trp containing species was d
peptide, the calculations were performed using the mass spectrum, obt
window in which oxidized and non–oxidized peptides elute. All charge state
of their relative abundances.unmodified peptide (observed m/z 1122.622, calculated
m/z 1122.631) was observed with lower relative abun-
dance. The MS/MS spectra of these peptides were
manually interrogated (see Fig. S-3), and generally
revealed that the oxidative Trp modifications did not
create signature fragment ions, as previously noted [21].
An additional example of a heavy chain tryptic peptide,
non-modified, and simultaneously containing one KYN
and one Trp 32Da modifications, is shown in Fig. S-4.
The oxidized Trp peptides were generally found to
elute earlier than the unmodified peptides (Fig. S-5).
Tryptic peptide (52–60), however, showed minimal
oxidation when LC-MS/MS analysis of an in-solution
digest was performed (Figure 1c); these products were
presumably formed during electrospray ionization [22]
because the chromatographic retention times of oxi-
dized and non-oxidized species were identical. Re-
ported differences in the retention times of peptides
containing oxidized Trp versus unmodified Trp can be
used to discriminate between electrospray induced ox-
idation [22] and those derived from oxidation before
electrospray.
Table 1 summarizes the observed Trp-containing pep-
tides, their oxidative modifications, and the ion abun-
dances of the oxidized products relative to the unmodified
peptides from both solution and in-gel digests. The most
frequently observed modifications were KYN, Wox1, and
(Trp32 Da), whereas KYNox1 (20 Da) and NFKox1 (48
Da) products were found with lower relative abundance.
However, no trend in the relative abundances of these
oxidation products in different peptides could be deter-
mined, suggesting that the amino acids in the vicinity of
Trp may be of crucial importance for the formation of a
specific product. From our data, Trp oxidation appears to
be dependent on the amino acid microenvironment
around a Trp residue. However, a more detailed study is
needed to evaluate possible sequence specificities of Trp
oxidation in peptides.
The source of the reactive oxygen species leading to
the pattern of Trp oxidation is yet unclear. The high
and their oxidative modifications observed by LC-MS/MS
tophan modifications/relative abundance*
Wox1 KYNox1 NFK NFKox1
ol Gel Sol Gel Sol Gel Sol Gel Sol
0.5 0.06 0.5 — 2.7 0.07 0.25 —
0.04 — — — 0.17 0.01 — —
0.73 0.01 0.03 — 0.51 0.01 0.05 —
— — — — 0.32 — — —
0.75 0.03 — — 0.35 0.03 0.15 0.01
0.43 — 0.03 — 0.22 0.11 —
0.34 0.02 — — 0.14 0.02 — —
0.61 0.04 — — 0.16 0.05 0.08 —
0.05 0.02 — — 0.06 0.06 — —
ined relative to the ion abundance of the unmodified peptide. For each
by averaging the mass scans over the chromatographic retention timetides
Tryp
YN
S
—
—
—
—
—
—
—
—
—
eterm
aineds observed for a peptide species were considered in the determination
1117J Am Soc Mass Spectrom 2010, 21, 1114–1117 OXIDATIVE TRYPTOPHAN MODIFICATIONS IN PROTEINSvoltage employed for SDS-PAGE may cause the forma-
tion of small amounts of ozone in the electrophoretic
cell, which in turn may initiate a reaction cascade
leading to Trp oxidation products. This hypothesis is
supported by a previous study showing that ozone in
ambient air can cause oxidation [23].
Conclusion
We have shown that oxidative modifications of Trp-
containing peptides to (Trp  32 Da) and KYN can
represent artefacts derived from sample preparation
using gel electrophoresis. The extent of oxidation and
product distribution in a specific Trp-containing pep-
tide appears to depend on the amino acid microenvi-
ronment around the Trp residue. These results are
important in the context of proteomics studies using
SDS-PAGE aimed at the identification of biological
oxidative modifications in proteins, as different sample
preparation techniques may introduce unexpected
modifications, which may lead to over-interpretation of
data.
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